Abstract. Hydroquinone (HQ), a major reactive metabolite of benzene, contributes to benzene-induced leukemia. The molecular mechanisms that underlie this activity remain to be elucidated. Poly ADP-ribosylation (PARylation) is a type of reversible posttranslational modification that is performed by enzymes in the PAR polymerase (PARP) family and mediates different biological processes, including apoptosis. Zona occludens 2 (ZO-2) is a tight junction scaffold protein, which is involved in cell proliferation and apoptosis. The present study investigated the activity and mechanisms regulated by PARP-1 during HQ-induced apoptosis using TK6 lymphoblastoid cells and PARP-1-silenced TK6 cells. The results revealed that exposure to 10 µM HQ for 72 h induced apoptosis in TK6 cells and that apoptosis was attenuated in PARP-1-silenced TK6 cells. In cells treated with HQ, inhibition of PARP-1 increased the expression of B cell leukemia/lymphoma 2 (Bcl-2), increased ATP production and reduced reactive oxygen species (ROS) production relative to the levels observed in cells treated with HQ alone. Co-localization of ZO-2 and PAR (or PARP-1 protein) was determined using immunofluorescence confocal microscopy. The findings of the present study revealed that ZO-2 was PARylated via an interaction with PARP-1, which was consistent with an analysis of protein expression that was performed using western blot analysis, which determined that ZO-2 protein expression was upregulated in HQ-treated control cells and downregulated in HQ-treated PARP-1-silenced TK6 cells. These findings indicated that prolonged exposure to a low dose of HQ induced TK6 cells to undergo apoptosis, whereas inhibiting PARP-1 attenuates cellular apoptosis by activating Bcl-2 and energy-saving processes and reducing ROS. The present study determined that PARP-1 was involved in HQ-induced apoptosis by PARylation of ZO-2.
Introduction
Apoptosis is a spontaneous cell death subroutine, that is triggered by various physiological and pathological stimuli and that has distinct morphological characteristics and energy-dependent mechanisms. Apoptosis has a crucial role in a variety of processes, including normal cell population maintenance, the appropriate development of the immune system, embryonic development and chemical-induced cell death. Inappropriate apoptosis (either too little or too much) may lead to neurodegenerative diseases, autoimmune disorders, ischemic damage and various types of cancer (1) . Previous studies have made substantial progress in the biochemical and genetic exploration of apoptosis, resulting in the identification of many key apoptotic genes, signaling pathways and specific biochemical features (2), the molecular mechanisms that underlie apoptosis remain to be fully elucidated.
PARP-1 may be involved in hydroquinone-induced apoptosis by poly ADP-ribosylation of ZO-2
Apoptosis is believed to be strictly regulated by various key apoptotic genes, including those in the caspase family, the B cell leukemia/lymphoma 2 (Bcl-2) family, the poly(ADP-ribose) polymerase (PARP) family, oncogenes and tumor suppressor genes. Poly ADP-ribosylation (PARylation), a type of reversible protein modification, is performed by the enzymes in the PARP family and poly(ADP-ribose) (PAR)-degrading enzymes, such as PAR glycohydrolase (3), ADP-ribosyl hydrolase 3 (4) and members of the nucleoside diphosphate linked moiety X family of proteins (5) . It has been previously estimated that ~90% of PAR polymers are formed via the catalysis of PARP-1, which was positively correlated with PARP activity. PARP-1 is activated primarily by DNA breaks; however, it may also be activated by alternative mechanisms, such as phosphorylation. Activated PARP-1 and PARylation regulate various cellular machineries, including those involved in cell death (6) . A previous study suggested that PARylation and PARP-1 mediate several cell death subroutines, including necrosis (necroptosis), parthanatos, autophagy and apoptosis (7) . Previous studies have demonstrated that inhibiting PARP activity or knocking out/silencing PARP-1 may sensitize cells to the cytotoxic effects of ionizing radiation or DNA-damaging agents, such as DNA alkylates, cisplatin and topoisomerase poisons (8, 9) . However, whether PARylation by PARP-1 affects the apoptotic process remains to be determined. In response to mild DNA damage, PARylation facilitates DNA repair and therefore survival, whereas more severe genotoxic stimuli may activate the apoptotic pathway. Severe DNA damage may lead to in apoptosis or necrosis, which are attributed to the depletion of donor nicotinamide adenine dinucleotide (NAD + )/ATP by the excessive activation of PARP-1 (10) .
Hydroquinone (HQ) is a major active metabolite of benzene and is commonly used as a substitute for benzene in in vitro experiments. Benzene is a confirmed human carcinogen that was proposed to be associated with myelodysplastic syndromes, acute myeloid leukemia, non-Hodgkin lymphoma and childhood leukemia (11, 12) . However, previous in vivo and in vitro studies have determined that the pathways through which HQ contributes to benzene-induced leukemia may also include oxidative stress, DNA damage, cell cycle regulation and apoptosis (13) (14) (15) , the underlying molecular mechanisms involved in HQ toxicity remain unclear. Our previous study revealed that HQ leads to abnormal cell cycle progression that is accompanied with the upregulation of PARP-1 in TK6 cells (16) . A previous study, based on the specificity of the synthesized substrate NAD + used affinity purification and tandem mass spectrometry and revealed that zona occludens 2 (ZO-2) is a target of PARP-1 in HEK 293T nuclear lysates (17) . ZO-2, a 160-kDa protein (18) , belongs to the family of membrane-associated guanylate kinase (MAGUK) homologs, which localize on the cytoplasmic surface of intercellular contacts in epithelial and endothelial cells and have also been observed to be distributed in the nucleus. ZO-2 affects various cellular processes, including cell proliferation, apoptosis, stress tolerance and barrier integrity (19, 20) . It is of note that the importance of ZO-2 in lymphoblastoid cells remains to be determined. The present study used TK6 lymphoblastoid cells and PARP-1-silenced TK6 cells to investigate cell death and cell fate specification following prolonged exposure to HQ. The present study also aimed to determine the role of pleiotropic PARP-1 in these processes and to identify the association between PARP-1 and ZO-2. Cell cultures and chemical treatments. The TK6 lymphoblastoid cell line was provided by Professor Lishi Zhang (Sichuan University, Chengdu, China). The cell properties, culture conditions and chemical treatment methods used in the present study have been described in our previous study (21) . The PARP-1-silenced TK6 cells, which stably express PARP-1-short hairpin (sh)RNA have been termed as shPARP-1, were provided by Professor Tang (Guangdong Medical University, Dongguan, China) (22) . Empty TK6 cells were used as control cells. The experimental cells were treated with 10 µM HQ for 72 h, and the control cells were treated with PBS.
Materials and methods

Chemicals
Western blot analysis. Total proteins were extracted from prepared cells using cell lysis buffer (Cell Signaling Technology, Inc.), and their concentrations were determined using bicinchoninic acid (BCA) assays (Beijing ComWin Biotech Co., Ltd., Beijing, China). Equal quantities (25 µg) of protein were separated using SDS-PAGE on a 10% gel and then transferred to PVDF membranes. The membranes were blocked with 5% fat free milk for 50 min at room temperature. The target proteins and the loading control proteins were quantified on the same membrane by dividing it into pieces according to the known molecular weights of pre-stained protein standards. The membranes were incubated at 4˚C overnight with primary antibodies against ZO-2 (1:2,000), PARP-1 (1:5,000), Bcl-2 (1:2,000), caspase-3 (1:2,000) or Bax (1:3,000). They were then incubated at room temperature for 1 h with the corresponding species-specific secondary antibodies. GAPDH (1:5,000) or α-tubulin (1:10,000) were used as internal control. The immunoreactivity of the bands on the membranes was visualized using ECL-PLUS chemiluminescence reactions. Three repeats of the densitometric analysis were performed using Quantity One software, version 4.6.2 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was isolated, analyzed and transcribed into cDNA as previously described (16) . PCR reactions were performed using FastStart Universal SYBR Green Master on a PikoReal 96 Real-Time PCR system (Thermo Fisher Scientific, Inc.). The following forward (F) and reverse (R) primers were used: ZO-2-F, 5'-CCG TTG CTG GTA ATG AAA CTC CT-3' and ZO-2-R, 5'-TTA TCT TGC TCC TCA CTG CTC TCT C-3'. The qPCR conditions were as follows: Initial cycle was 95˚C for 10 min, followed by 40 cycles at 95˚C for 15 sec and 58˚C for 40 sec. Dissociation curves were used to confirm specificity. Expression levels were calculated using the 2 -∆∆Cq method (23) with GAPDH as selected internal control.
Flow cytometry. The collected cells were suspended in binding buffer and then stained with Annexin V-FITC Apoptosis Detection kit and propidium iodide according to the manufacturer's protocol. The cells were incubated at room temperature for 15 min in the dark and then immediately analyzed using a BD FACSCanto II flow cytometer (excitation=488 nm; emission=530 nm) (BD Biosciences, San Jose, CA, USA). A minimum of 10,000 cells per sample were acquired and analyzed using FlowJo software, version 7.6.1 (Tree Star, Inc., Ashland, OR, USA).
Quantification of caspase-3/7 activity and ATP production.
Cell numbers were counted using Countstar IC1000 (Ruiyu Biotech Co., Ltd, Shanghai, China). Caspase-3/7 activity and ATP levels were quantified using Caspase-Glo 3/7 assay kits and CellTiter-Glo Luminescent Cell Viability assays according to the manufacturer's protocol in each kit. For the Caspase-3/7 assays, 100 µl of suspended cells were plated in 96-well plates and 100 µl Caspase-Glo 3/7 reagent was added. The mixture was agitated for 2 min and then incubated for 10 min at room temperature. For the ATP assays, 100 µl suspended cells were plated in 96-well plates and 100 µl CellTiter-Glo reagent was then added. The mixtures were agitated for 2 min and then incubated for 5 min at room temperature. The generated luminescent signal was read using the luminescent detection method on a BioTek Synergy2 microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The luminescent signal readout was normalized according to the respective cell number and was recorded as the caspase-3/7 or ATP luminescence value.
Indirect immunofluorescence staining. A previously described protocol used to prepare cells for staining (16) . Cells were sequentially incubated with either anti-PARP-1 and ZO-2 primary antibodies or anti-PAR and ZO-2 primary antibodies at a dilution of 1:500 at room temperature for 1 h and then Alexa Fluor 555-conjugated and Alexa Fluor 488-conjugated secondary antibodies at a dilution of 1:1,000 at room temperature for 30 min. Cell nuclei were counterstained using DAPI. The cells were smeared on coverslips and mounted in 90% glycerol in PBS. They were subsequently imaged using an Olympus FLUOVIEW FV1000 confocal laser-scanning microscope (Olympus Corporation, Tokyo, Japan).
Quantification of ROS production. Reactive oxygen species (ROS) production was determined using a DCFDA-Cellular Reactive Oxygen Species Detection assay kit according to the manufacturer's protocol. Cells (5x10 5 ) were treated with 10 µM HQ for 72 h. The collected cells were then washed in PBS and stained with 20 µM DCFDA in 1X buffer for 30 min at 37˚C in the dark. The stained cells were then washed, resuspended in 400 µl 1X buffer, and equally seeded in four wells of an opaque 96-well microplate. Staining intensities were immediately determined using a BioTek Synergy2 microplate reader set for an excitation wavelength of 485 nm and an emission wavelength of 535 nm.
Statistical analysis. Data are presented as the mean ± standard deviation of at least three independent experiments. One-way analysis of variance was used for comparisons of means among multiple groups, followed by the Student-Newman-Keuls post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Expression of PARP-1 in PARP-1-silencing TK6 cells.
PARP-1 is a pleiotropic molecule that has an important role in various cell death processes. PARP-1-silenced TK6 cells were generated to elucidate the underlying mechanisms involving PARP-1. In these cells, the PARP-1 protein expression was reduced by 75%, indicating that PARP-1 was efficiently silenced (P<0.05; Fig. 1 ).
Inhibiting PARP-1 attenuates HQ-induced apoptosis. In order to determine the level of apoptosis induced by HQ treatment and the role of PARP-1 in this process, control cells and shPARP-1 cells were treated with PBS or 10 µM HQ, respectively, for 72 h and then subjected to flow cytometry analysis. A higher number of apoptotic cells was observed in the HQ-treated control cells than in the PBS group. The number of apoptotic cells was lower in the PBS-treated shPARP-1 cells compared with the PBS-treated control cells. Additionally, the HQ-treated shPARP-1 cells also had a reduced number of apoptotic cells compared with the HQ-treated control cells, indicating that prolonged exposure to low levels of HQ induced apoptosis and that this effect was attenuated by PARP-1 knockdown ( Fig. 2A  and B) . Changes in the apoptotic rate may lead to altered cell numbers; therefore, cell counting was performed. It was determined that the number of cells in the HQ-treated control cell group was lower when compared with the number of cells in the control + PBS group. The number of cells in the shPARP-1 group was higher compared with the control cells + HQ group (Fig. 2C) . These findings suggested that HQ mediated growth inhibition by inducing apoptosis in TK6 cells.
To investigate the underlying mechanism of HQ-induced apoptosis, Bcl-2, caspase-3 and Bax were detected using western blot analysis. Bcl-2 was present at lower levels in HQ-treated control cells compared with the PBS-treated cells and at higher levels in the HQ-treated shPARP-1 cells compared with the HQ-treated control cells. Caspase-3 was present at lower levels in the HQ-treated control cells. However, no significant difference in terms of caspase-3 expression was observed between the HQ-treated shPARP-1 cells and the HQ-treated control cells. Bax expression remained constant in both HQ treatment and PARP-1 knockdown (Fig. 2D) . These findings suggested that HQ induced the downregulation of Bcl-2 and caspase-3 in TK6 cells. PARP-1 inhibition antagonized the downregulation of Bcl-2 that was induced by HQ treatment.
Caspase-3/7 are key regulators of apoptosis and the activity of these two enzymes indirectly reflects the downstream cascade reaction of cell apoptosis. Consistent with the increase that was observed in the proportion of apoptotic cells in the control cells treated with HQ, an increase in caspase-3/7 activity was also observed in these cells. However, higher caspase-3/7 activity was also observed in shPARP-1 + HQ cells compared with the control cells + HQ and this was inconsistent with the results observed in flow cytometry (Fig. 2E) . These findings indicated that inhibition of PARP-1 attenuated HQ-induced apoptosis, this effect may not be achieved via the caspase signaling pathway.
ATP levels were also quantified in order to determine the mechanisms involved in HQ-induced apoptosis as PARP-1 also participates in energy metabolism. More ATP was produced in the control cells treated with HQ; however, the level of ATP was higher in the HQ-treated shPARP-1 cells compared with the HQ-treated control cells (Fig. 2F) . These data indicated that the energy-saving effect that was induced by silencing PARP-1 may be involved in protecting against HQ-induced apoptosis. These data also support a previous study that determined that PARP-1 affects ATP depletion (10) . Additionally, ROS production was significantly increased in the HQ-treated control cells compared with the PBS only group (P<0.05; Fig. 2G) . A considerably reduced level of ROS production was observed in the HQ-treated shPARP-1 cells compared with the HQ-treated control cells (Fig. 2G) , indicating that inhibition of PARP-1 expression may attenuate HQ-induced apoptosis by reducing ROS production.
PARP-1 protein is required for the abundance of the ZO-2 protein.
A previous study described a rational design that includes orthogonal NAD + analogue-engineered PARP pairs that may be used to identify the direct protein targets of individual PARPs (17) . In this design, ZO-2 was found to be PARylated by PARP-1 (Fig. 3A) (17) . Additionally, ZO-2 was reported to be involved in apoptosis (19) . The present study aimed to further investigate the association between PARP-1, ZO-2 and apoptosis and detected the ZO-2 and PARP-1 protein expression levels using western blot analysis. PARP-1 was upregulated in the control cells treated with 10 µM HQ for 72 h, consistent with the findings of our previous study (21) . PARP-1 was effectively inhibited in shPARP-1 cells. PARP-1 levels were lower in shPARP-1 cells treated with HQ compared with HQ-treated control cells; however, shPARP-1 cells treated with HQ expressed higher levels of PARP-1 than shPARP-1 cells treated with PBS (Fig. 3B) . The expression levels of ZO-2 changed in parallel to the changes observed in PARP-1 (Fig. 3B) . ZO-2 protein expression was upregulated in control cells treated with HQ, whereas in the shPARP-1 cells, where PARP-1 expression was reduced, ZO-2 levels were lower than the levels in the control cells in the group treated with PBS and HQ (Fig. 3B) . These findings indicated that PARP-1 and ZO-2 are involved in HQ-induced apoptosis and that the expression of ZO-2 is dependent on PARP-1. To reveal the mechanism by which ZO-2 is dependent on PARP-1, the mRNA expression of ZO-2 was detected using RT-qPCR. It is of note that mRNA levels of ZO-2 were the reverse to those observed for the ZO-2 protein (Fig. 3C) , indicating that ZO-2 protein levels were post-translationally regulated by PARP-1.
ZO-2 is modified by PARylation.
PARylation, a post-translational modification, is primarily catalyzed by PARP-1. The present study determined whether ZO-2 is modified by PARylation during HQ-induced apoptosis by analyzing the co-localization of ZO-2 and PAR (or PARP-1) using immunofluorescence confocal microscopy. It was revealed that ZO-2 was clearly integrating with PAR (Fig. 4 , upper panel) and with PARP-1 respectively (Fig. 4, lower panel) , indicating that ZO-2 was PARylated via an interaction with PARP-1. The abundance of ZO-2 in the nucleus was dependent on the abundance of PARP-1 (Fig. 4) . These data are consistent with the findings from the western blot analysis.
Discussion
Previous studies have revealed that different doses of HQ may induce apoptosis (24, 25) . Treatment with a low dose of HQ for 24 h induced HQ-mediated apoptosis in murine fetal livers and bone marrow hematopoietic cells (24) . Treatment with a high dose of HQ for 24 h promoted apoptosis in bone marrow-derived mesenchymal stem cells (25) . Treatment with 50 or 100 µM HQ for 14 h promoted apoptosis in W7.2 rfau cells (26) . In the present study, treating cells with 10 µM HQ for 72 h promoted apoptosis. The balance between the pro-apoptotic (Bcl2 associated agonist of cell death and Bax) and anti-apoptotic (Bcl-2 and Bcl-extra large) members of the Bcl-2 family is critical for controlling mitochondria-induced apoptosis (27) . Activated caspases may also act as biochemical markers of apoptotic cascade reactions. The present study, consistent with the findings of the flow cytometry experiments, determined that caspase-3/7 activity was activated, caspase-3 protein levels were upregulated and ATP production was upregulated in TK6 cells treated with HQ, indicating that HQ-induced apoptosis involved caspase-dependent intrinsic apoptosis.
The present study demonstrated that in TK6 cells, PARP-1 knockdown via RNA interference (RNAi) partially blocked apoptosis in cells exposed to a low dose of HQ for a prolonged time period. A recent study has also revealed that knockdown of PAPR-1 prevents apoptosis induced by HQ (28) . Additionally, the present study determined that the mechanisms underlying this protection may involve the activation of Bcl-2 and the production of ATP and ROS. HQ-induced apoptosis was reduced from 16.66±0.47 to 9.61±0.17% when PARP-1 was knocked down, indicating that PARP-1 regulates HQ-induced apoptosis. PARP-1 knockdown cells that were treated with HQ, Bcl-2 was upregulated and caspase-3 levels were not changed. It is of note, HQ-induced caspase-3/7 activity and ATP production were enhanced by PARP-1 knockdown. These findings suggest that prolonged exposure to a low dose of HQ did not block the production of energy and that inhibition of PARP-1 in TK6 cells maintained ATP levels. Inhibition of PARP-1 prevented the depletion of NAD + Figure 4 . ZO-2 may be modified by PARylation. Cells were treated with 10 µM HQ for 72 h and then stained using indirect immunofluorescence for ZO-2 (green), PAR (red, upper panel), PARP-1 (red, lower panel) and DAPI (blue) and the ZO-2 protein was modified by PARylation (upper panel) via an interaction with PARP-1 (lower panel). Magnification, x1,000. ZO-2, zona occludens 2; DIC, differential interference contrast; HQ, hydroquinone; PARP-1, poly (ADP-ribose) polymerase-1; shPARP-1, short hairpin PARP-1; PAR, poly (ADP-ribose).
and ATP and partially restored the ability of cells to perform DNA, RNA, and protein synthesis. Therefore, in TK6 cells, PARP-1 knockdown via RNAi partially blocked apoptosis in cells treated a low dose of HQ for a prolonged period of time and that the mechanisms underlying this protection may involve the activation of Bcl-2 and the production of ATP. Furthermore, HQ treatment increased the production of ROS, which was consistent with the findings previously reported in ARPE-19 human retinal pigment epithelial cells, R-28 rat retinal neurosensory cells, human microvascular endothelial cells and MIO-M1 human retinal Müller cells (29) (30) (31) . A previous study has revealed that may HQ induce apoptosis through a ROS pathway (29) . In the present study, inhibition of PARP-1 attenuated the production of ROS that was induced by HQ treatment, indicating that inhibiting PARP-1 may attenuate HQ-induced apoptosis partly via the ROS pathway.
PARylation facilitates DNA repair and therefore cell survival in response to mild DNA damage, whereas more severe genotoxic stimuli activate the apoptotic pathway, and the most severe DNA damage may lead to the excessive activation of PARP and the depletion of the cellular NAD + and ATP stores. Depleting NAD + and ATP blocks apoptosis and leads to necrosis (10, 32) . The present study determined that apoptosis was induced by prolonged exposure to a low dose of HQ and that this effect may be partially reversed by inhibition of PARP-1; however, it is difficult identify PARP-1 as a survival or a cytotoxic factor that contributes to cell survival, death or deterioration following exposure to different doses of HQ for different periods of time in specific cell types. Therefore, more experiments are required to determine the precise mechanisms by which HQ induces toxicity and to identify in which of these mechanisms PARP-1 is involved.
Activated PARP-1 and PARylation regulate various cellular processes, such as replication, transcription, DNA repair and ATP metabolism, and they mediate various cellular phenomena, such as proliferation, differentiation, senescence and cell death (33, 34) . The presence of ZO-2 in the nucleus was determined more than a decade ago; however, its role in lymphoblastoid cells that lack tight junctions remains to be fully elucidated. In the nucleus, ZO-2 reportedly interacts with several proteins, including Jun, Fos, c-Myc and PKA (35) (36) (37) . Co-localization between ZO-2 and PAR (or PARP-1 protein) was demonstrated by the present study using immunofluorescence confocal microscopy, indicating that ZO-2 is PARylated via an interaction with PARP-1. These findings were consistent with its protein expression detected using western blot analysis and the co-localization revealed that treatment with HQ led to the upregulation of ZO-2 in control cells and its downregulation in shPARP-1 cells. To the best of our knowledge, the present study is the first to determine that PARylation may modify the ZO-2 protein and to reveal that ZO-2 is not distributed in the nucleus in lymphoblastoid cells that lack tight junctions. ZO-2 induces the expression of various apoptosis-associated genes, including Bcl-2, interleukin-6, REL proto-oncogene, NF-κB subunit and translocator protein (38) . It interacts with the transcriptional activator Yes kinase-associated protein 2 (YAP2) and enhances the nuclear localization and pro-apoptotic function of YAP (39) . When PARP-1 expression was inhibited in the present study, ZO-2 was downregulated in parallel with changes observed in apoptosis in HQ-treated cells. Therefore, ZO-2 acted as a promoter of HQ-induced apoptosis and these data confirmed that ZO-2 may act as a tumor-suppressing protein.
In summary, the findings of the present study indicated that prolonged exposure to a low dose of HQ induced TK6 cells to undergo apoptosis and that inhibition of PARP-1 attenuated cellular apoptosis by activation of Bcl-2, inducing energy-saving mechanisms and reducing ROS. During this HQ-induced process, ZO-2 localized into the nucleus in lymphoblastoid cells and ZO-2 was modified by PARP-1 via PARylation. Therefore, when investigating the molecular mechanisms of HQ-induced toxicity and the contribution of HQ to benzene-induced leukemia, it is important to consider pleiotropic PAPR-1 and its inhibitors during clinical treatment.
